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The aim of this study was to gain more detailed knowledge about the effect of the presence of defined oxidized phospholipid molecules in
phospholipid bilayers. After chromatographic and mass spectrometry analysis, the previously used product of the Fenton reaction with unsaturated
lecithins proved to consist of a plethora of oxidatively modified lecithins, unuseful either for the detailed study of the effects brought about in the
bilayer or as the source of defined oxidized phospholipid molecules. The latter, particularly 2-(ω-carboxyacyl)- and 2-(n-hydroperoxyacyl)-
lecithins, can be more conveniently prepared by chemical or enzymatic synthesis rather than by chemical or physical oxidation. The effect of those
molecules and of commercially available 12-hydroxy-stearic and dodecanedioic acid was studied in planar supported phospholipid bilayers
(SPBs) by use of EPR spectrometry. The SPBs also contained 2-(5-doxylstearoyl)-lecithin as the spin probe, and the EPR spectral anisotropy loss,
indicative of bilayer disordering, was measured as a function of the molar percentage of oxidized lipid. Most oxidized lipid molecules examined in
this study were able to induce bilayer disordering, while hydroperoxyl group-bearing acyl chains appeared to be much less effective. It is
concluded that the effects of different oxidized phospholipids on phospholipid bilayer structure cannot be generalized, as happens with batch-
oxidized phospholipids, and that the use of defined oxidized phospholipid molecular species for membrane oxidative stress guarantees a more
reliable and detailed response.
© 2007 Elsevier B.V. All rights reserved.Keywords: Phospholipid bilayer; Lipoperoxidation; EPR; Spin labeling; Bilayer disordering; EPR spectral anisotropy1. Introduction
Lipid peroxidation occurring in biomembranes after oxida-
tive stress-formed ROS and RNS attack is receiving much
attention, and despite its occurrence in many pathological states,
as routinely shown based on the presence of MDA and conju-
gated dienes, lipoperoxidation products are currently studied in
models prepared by chemical or physical oxidation of lecithins,
under different aggregation forms [1–7]. Invariably, these pro-
tocols produce a complex ensemble of oxidized phospholipid
molecules, the composition of which can be usually resolved
only by HPLC/mass spectrometry analysis. Inspection of the
literature data leads to the conclusion that the oxidation mixture
composition strongly depends upon the particular protocol and
the reaction conditions in such a critical way that, in our opin-⁎ Corresponding author. Tel./fax: +39 080 5443367/17.
E-mail address: f.m.megli@biologia.uniba.it (F.M. Megli).
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doi:10.1016/j.bbamem.2007.09.014ion, formation of defined oxidation products is not always
guaranteed.
In our previous research [8–11] we adopted the Fenton
reaction as the oxidation model putatively closest to the one
occurring in the living cell [12] even if, given the large number of
oxidation models and the wide composition variety of out-
coming oxidized mixtures, it seems difficult to decide which one
will best mimic that naturally occurring in living cells under
given oxidative stress conditions. In those studies we were able
to attribute the observed bilayer disordering to oxidized phos-
pholipids in general, based on results from model membranes
including Fenton-oxidized lecithins. Nonetheless, increasingly
detailed knowledge of lipoperoxidized products accumulating
from HPLC/mass spectrometry analysis has made attribution of
the observed effects to the whole oxidized phospholipid mixture
appear more and more a rough approximation. At the same time,
the convenience of studies aimed at defining membrane altering
properties of specific oxidized phospholipid molecules [13]
has progressively emerged. Unfortunately, mass spectrometry
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single molecules from the Fenton oxidation melange [4] in
quantitative yield by reversed-phase flash chromatography were
unsuccessful.
As a preliminary test of a different strategy, we checked
the effects exerted on the bilayer by free fatty acids
simulating those present in oxidized phospholipids, that is
dodecanedioic (DDA) and azelaic acid (mimicking a carboxyl
terminated acyl chain) and 12-hydroxystearic acid (12-(OH)-
SA) (mimicking hydroxyl-bearing fatty acids). Hence, as an
alternative route to oxidized phospholipid molecules, we
adopted chemical and enzymatic synthesis through already
established methods, yielding some of the major phospholipid
oxides commonly present in the oxidation mixture [1–7],
such as 2-azelaoyl-lecithin (AzEPC), 2-glutaroyl-lecithin
(GlEPC), 1-palmitoyl-2-(13-hydroperoxy-10,12-octadecane-
dienoyl)-lecithin (HPPLPC, 2-(13-HPODE)-lecithin), 1-stear-
oyl-2-(15-hydroperoxy-5,8,11,13-eicosatetraenoyl)-lecithin
(HPSAPC, 2-(13-HPETE)-lecithin, in pure form and in
reasonably high yield (in our experimental mass scale).
It will be shown that disturbance to the host phospholipid
bilayer by these molecules strongly varies with their chemical
nature, most of them confirming our previous results obtained by
use of the Fenton mix. Nonetheless, the observed differences
between defined lipid oxides, undetectable when using the
oxidation mixture, confirm our lack of detailed knowledge of
their impact on bilayer structure and suggest the usefulness of
studies aimed at characterizing specific oxidized phospholipid
molecules under the aspect of the peculiar disturbing effect
exerted on membranes.2. Materials and methods
2.1. Materials
5-doxylstearic acid (5DSA), glutaric acid, azelaic acid, dodecanedioic acid,
12-hydroxystearic acid, lecithin and 2-lyso-lecithin from egg yolk, 1-palmitoyl-
2-linoleoyl-glycero-3-phosphocholine (PLPC), 1-stearoyl-2-arachidonoyl-gly-
cero-3-phosphocholine (SAPC) and lipoxidase (type V from soybean, EC
1.13.11.12) were purchased from Sigma; solvents were Baker HPLC grade.
Lichroprep RP18 (40–63 μm) silicagel and TLC chromatoplates (0.2-mm or 0.5-
mm thick) were from Merck.
2.2. Phospholipid modification
Oxidation of PLPC and SAPC was performed by the Fenton reaction, as
already described [8]. Oxidized lipids were freed from non-oxidized material by
reverse-phase column chromatography [10]. Further separation of different
oxidized species was attempted by the same method, as described below,
followed by preparative TLC developed with CHCl3/CH3OH/H2O 65:25:4
(vol). 2-(5-doxylstearoyl)-lecithin (5DSPC) was obtained by coupling 5DSA to
egg yolk lysolecithin according to Boss et al. [14], and purified by flash-
chromatography. AzEPC and GlEPC were obtained by the method of Schlame
[15] starting from egg yolk lysolecithin. These products were purified by
preparative TLC developed with CHCl3/CH3OH/NH4OHconc 65:25:8 (vol).
HPPLPC and HPSAPC were obtained by action of lipoxidase on PLPC and
SAPC, respectively [16,17], and purified by reverse-phase preparative column
chromatography using CH3OH/(C2H5)2/H2O 95:5:2 (vol) (see Preparative flash
chromatography). The identity and purity of all synthesised molecular species
was confirmed by analytical TLC and by mass spectrometry [3–5]. Quantitative
phosphorus analysis was performed according to Nakamura [18].2.3. Preparative flash chromatography
Two 12-cm long (1-cm i.d.) RP18 Silicagel columns were packed with the
Büchi Cartridger and coupled in series. The crude final oxidized phospholipid
mixture was extracted by the method of Bligh and Dyer [19], dissolved in a
small volume of CH3OH/(C2H5)2O/H2O 95:5:2 and eluted with the same
solvent with 12 ml/min flow-rate. The eluent was simultaneously monitored at
both 206 nm (λmax of normal phospholipid) and 235 nm (λmax of oxidized
phospholipid conjugated dienes) with a Cary 50 UV-VIS spectrophotometer
equipped with a Hellma continuous-flow cuvette. Based on OD235, fractions
containing oxidized phospholipids eluting between 2.5-min and 5.5-min
retention time were pooled, concentrated, and re-eluted through the same
columns with CH3OH/(C2H5)2O/H2O 95:5:6, under the same conditions as
those for the first run.
2.4. Mass spectrometry
Analysis of oxidized PLPC or SAPC was performed by electrospray
ionization mass spectrometry (ESI-MS), using an LCQ Thermo ionic trap
mass spectrometer, equipped with an electrospray ionization interface.
Samples (5 μl of a water/methanol 1:1 solution containing 5 to 10 nmol
phospholipid phosphorus) were introduced into the spectrometer by a syringe
pump using a flow rate of 10 μl/min. Data acquisition was performed by the
Xcalibur software in the m/z range comprised between 50 and 800
Thompson in MS-full scan and positive polarity mode. ESI interface
settings were: 6 kV source voltage, 15 V capillary voltage, 190 °C, capillary
temperature. Based on other authors' tandem MS analysis of the products of
the Fenton reaction [4], oxidized molecular species were recognized by use
of the Mass Frontier software yielding the calculated molecular weight of
selected structures and related isotopic distribution. Attribution of a structure
to a chosen spectral peak was based on the following criteria: matching of
the observed to the calculated isotopic distribution, identity of the observed
and calculated molecular weight, the structure's chemical coherence with the
reaction producing it. These criteria were preliminarily validated by use of
known standard phospholipid samples, both synthetic and commercial (not
shown).
2.5. Analysis of EPR spectral anisotropy
A nitroxide g-value (which determines the centre of the spectrum) and
the hyperfine splitting constant A (which determines the distance between
hyperfine lines) are orientation dependent and axially symmetric, and in a
spin labelled phospholipid the symmetry axis (the z-axis) is parallel to the
fatty acid long axis. In hydrated oriented planar phospholipid bilayers on a
solid support, phospholipid molecules orient perpendicularly to the
supporting glass slide so that the fatty acid chain long axis is normal to
its plane as is the z-axis of the nitroxide ring bound to the fatty residue [20].
Molecular tumbling of a nitroxide ring placed at a rigid chain position such
as C-5 is strongly reduced resulting in its molecular frame being rigidly
oriented with the spin label's z-axis aligned along the sample's z-axis
orientation [21]. Under these conditions the sample behaves as an ordered
crystal and, when the labels are oriented relative to the laboratory frame, the
spectrum will change when the sample is rotated relative to the static
magnetic field, thus yielding two well-separated EPR spectra. One is
dominated by g‖ and A‖ (the parallel components of tensors g and A,
respectively), only visible when the nitroxide z-axis (coaxial with both the fatty
chain long axis and the glass slide normal) is parallel to the applied magnetic
field. The other is dominated by g⊥ and A⊥ (the perpendicular components of
tensors g and A, respectively), only appearing when the glass slide normal is
perpendicular to the applied magnetic field [22,23]. The resulting angular
dependence of EPR spectra of planar phospholipid bilayers reveals an ordered
ensemble of phospholipid molecules. On the contrary, if the label's orientation is
isotropic within the sample, then no dependence of the spectrum on the sample
orientation will appear. In general, an intermediate degree of orientation will be
revealed by a superimposition of the parallel and the perpendicular EPR spectra,
indicating the existence of a fraction of either disordered fatty acid chains or an
isotropic phospholipid phase.
Fig. 1. (A) Elution profile of oxidized PLPC with CH3OH/(C2H5)2O/H2O
95:5:2, followed at (- - - -) 206 nm and at (—) 235 nm. (B) Elution profile of
oxidized phospholipids contained in the leading peak in panel A with CH3OH/
(C2H5)2O/H2O 95:5:6.
Fig. 2. Mass (ESI/MS) spectra of Fenton-oxidized PLPC oxides foun
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spectrum bands appearing in the perpendicular EPR spectrum. The best-resolved
parallel spectrum low-field band appearing in the perpendicular spectrum is the
most convenient marker of disorder. Evenmore conveniently, EPR bands are best
resolved in the second derivative presentation of spectra. From this presentation,
the numerical value of an empirical disorder index R′′ can be calculated as the
ratio between the heights of the parallel spectrum low field band second deriva-
tive to the second derivative of the perpendicular spectrum low field band [8].
2.6. Measurement of EPR spectral anisotropy
200 nmol phospholipid in 50-μl ethanol, containing 2 mol% lipid spin label
was deposited on a thin narrow glass slide and taken to dryness under vacuum (1–
2 mBar, 37 °C). 5–10 μl distilled water was layered onto the bottom of a flat
quartz tissue cell well (Wilmad WG-806-A, well dimensions: 7×23×0.5 mm)
and the slide was placed into the well with its rear side adhering to the water layer.
After covering the well, the phospholipid layer was allowed to hydrate as judged
by the transparency of the sample [8].
The cell was inserted vertically into the cavity of a 9-GHzVarian E-9 Century
Line EPR spectrometer at room temperature and oriented by means of a small
goniometer mounted on top of it so that the normal to its plane (coincident with
both the fatty acid chain direction and the sample's z-axis) was either per-
pendicular (⊥) or parallel (∣∣) to the magnetic field (H) direction. Instrumental
settings were: 338/335 mT (⊥/∣∣) field set with 12 mTscan width in all presented
spectra, 100 kHz and 0.2 mT modulation frequency and amplitude. Radiating
field power and frequency were 20 mW and 9.5/9.4 GHz (⊥/∣∣). The degree of
spectral anisotropy loss, indicative of membrane disordering, was gauged from
the R′′ parameter value, calculated from the perpendicular EPR spectrad in fractions 1–4 (see Fig. 1) after chromatographic separation.
Table 1
Mass spectrometry analysis of PLPC fractions after the Fenton oxidation
Oxidized product in fraction no 1 a 2+3 4 m/z
(H+)
m/z
(Na+)
1-palmitoyl-2-lyso-GPC • • • 496.5 518.5
1-lyso-2-linoleoyl-GPC • 520.4 544.4
1-lyso-2-(9,13-dioxo-11-hydroxy-
10-octadecenoyl)-GPC
• 566.4 588.4
1-lyso-2-(9-oxo-10,12-octadecanedienoyl)-GPC • 534.3 556.3
1-lyso-2-(9-oxo-12-octadecenoyl)-GPC • 536.5 558.5
1-palmitoyl-2-(8-oxo-octanoyl)-GPC • 636.0 658.0
1-palmitoyl-2-(9-oxo-nonanoyl)-GPC • • • 650.4 672.4
1-palmitoyl-2-(9-oxo-8-hydroperoxy-
nonanoyl)-GPC
• 682.5 704.5
1-palmitoyl-2-(9,12-dioxo-10-dodecenoyl)-GPC • 704.1 726.1
1-palmitoyl-2-nonanedioyl-GPC • • • 666.4 688.4
1-palmitoyl-2-octanedioyl-GPC • 652.5 674.5
1-palmitoyl-2-(8-oxo-nonanedioyl)-GPC • • 680.2 702.2
1-palmitoyl-2-(9-hydroxy-10-
dodecenedioyl)-GPC
• 722.3 744.3
1-palmitoyl-2-(9-hydroxydodecanedioyl)-GPC • 724.4 746.4
1-palmitoyl-2-(9-hydroperoxy-10,
12-octadecanedienoyl)-GPC
• 790.4 812.4
1-palmitoyl-2-(9-hydroxy-10,
12-octadecanedienoyl)-GPC
• 774.5 796.5
1-palmitoyl-2-(9-oxo-10,
12-octadecanedienoyl)-GPC
• 772.5 794.4
1-palmitoyl-2-(12-epoxy-9-idroxy-
10-octadecenoyl)-GPC
• 790.5 812.5
1-palmitoyl-2-(9,12,13-trihydroxy-
10-octadecenoyl)-GPC
• • 808.5 830.5
1-palmitoyl-2-(8,9,14-trihydroxy-10,
12- octadecanedienoyl)-GPC
• • 806.5 828.5
1-palmitoyl-2-(8-oxo-9,14-dihydroxy-10,
12- octadecanedienoyl)-GPC
• • 804.4 826.4
1-palmitoyl-2-(9,13-dioxo-12-hydroperoxy-
10- octadecenoyl)-GPC
• 820.5 842.5
1-palmitoyl-2-(9,13-dioxo-12-
hydroperoxy-octadecanoyl)-GPC
• • 822.5 844.5
1-palmitoyl-2-(13-oxo-12-hydroperoxy-
9-hydroxy-octadecanoyl)-GPC
• 824.5 846.5
1-palmitoyl-2-(13-oxo-12-hydroperoxy-8,
9-dihydroxy-10-octadecenoyl)-GPC
• • 838.5 860.5
1-palmitoyl-2-(8,13-dioxo-12-hydroperoxy-
9-hydroxy-10-octadecenoyl)-GPC
• • • 836.5 858.5
a Numbers refer to those in Fig. 1, panel B.
Fig. 3. Structure of I, 1-palmitoyl-2-azelaoyl-lecithin (AzEPC); II 1-palmitoyl-2-
glutaroyl-lecithin (GlEPC); III, 1-palmitoyl-2-(13-hydroperoxy-10,12-octade-
canedienoyl)-lecithin (HPPLPC), and IV, 1-stearoyl-2-(15-hydroperoxy-
5,8,11,13-eicosatetraenoyl)-lecithin (HPSAPC).
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increases with the degree of bilayer disorder.
3. Results
The separation of Fenton-oxidized PLPC from the unreacted
phospholipid is shown in Fig. 1, panel A. As predictable from the
expected higher polarity, the oxidized phospholipid broad peak
eluted earlier (panel A, 2–5min) than PLPC (panel A, 9–13min,
dashed line, 206 nm), as revealed by the absorption at 235 nm
(solid line). Further fractionation of this peak, aimed at isolating
pure molecular species of oxidized PLPC, is shown in panel B of
the same figure. To this purpose, a more polar solvent composed
of CH3OH/(C2H5)2O/H2O 95:5:6 was used to resolve fractions
1–4, as monitored by the absorption at 235 nm. These fractions
(of which fractions 2 and 3 were pooled) were further purified bypreparative TLC in order to get rid of overlapping peak ends, and
then analysed by mass spectrometry in order to establish their
molecular identity. Representative parts of the mass spectra of
fractions 1, 2+3 and 4 are reported in Fig. 2. The results of this
analysis, reported in Table 1, represent the best fit of structures
hypothesized by use of the Mass Frontier software to the ob-
served mass peaks, also taking into account results published by
other authors [4]. Each [MH]+ peak was overwhelmed by its
[MNa]+ complex, arising from the use of 10 mM NaCl during
the phospholipid extraction procedure. Even if full validation of
these data requires tandem MS analysis, we consider them an
adequate criterion for evaluating the results of RP-18 column
chromatography and preparative TLC application to the sepa-
ration of the Fenton mixture. In fact MS data show that no
fraction contained a pure compound and that all fractions shared
many oxidation products, revealing that the oxidized phospho-
lipid peak in panel A consisted of a complicated and
unresolvable ensemble of oxidized species. Very similar results
(not shown) were also obtained from the oxidation of SAPC by
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rendering further investigation of MS analysis superfluous and
definitely discouraging the use of chemical oxidation methods
for preparative purposes.
On the contrary, the oxidized lecithin species shown in Fig. 3
were obtained in high amounts by already described chemical or
enzymatic synthesis [3,5,15–17] and in the pure form after
preparative column chromatography, as confirmed by chro-
matographic and mass spectrometry analysis (data not shown).
In addition to these molecular species, free fatty acid chains
bearing carboxyl or hydroxyl groups the same as those present
in oxidized lecithins [1–7] (Table 1) are commercially available,
and were considered useful to mimic the presence of oxidized
phospholipid in the bilayer.
The loss of EPR spectral anisotropy of 5-DSPC in supported
planar bilayers, visible as the loss of angular dependence of EPR
spectra has already been successfully exploited as a valid tool,
useful to assess the degree of geometrical order of the fatty acid
chain packing [8–11,20–24]. Accordingly, fatty acid chains
disordering in spin labelled SPBs is readily seen as the in-
creasing mutual superimposing of parallel and perpendicular
EPR spectra, irrespectively of the sample orientation with re-
spect to the magnetic field (see Materials and methods).Fig. 4. EPR spectra of 5DSA-spin labelled SPBs made of egg yolk lecithin
containing the indicated percentages of dodecanedioic acid. Orientation of
sample normal: bold, ⊥ H; hairline, ‖ H.
Fig. 5. EPR spectra of 5DSA-spin labelled SPBs made of egg yolk lecithin
containing the indicated percentages of 12-hydroxystearic acid. Orientation of
sample normal: bold, ⊥ H; hairline, ‖ H.With this criterion in mind, the phospholipid bilayer dis-
ordering arising in egg yolk lecithin SPBs after inclusion of
increasing molar percentages of dodecanedioic acid (DDA) is
clearly evident from the loss of anisotropy of EPR spectra of 5-
DSA enclosed therein, reported in Fig. 4, starting from 10% per
mol. Progressive addition of dicarboxylic acid simulates the
growth of an ω-carboxyl-truncated form of oxidized PUFA-
containing phospholipids such as those from PLPC after
membrane lipoperoxidation. Since our study concerns the
phospholipid bilayer structure, the maximum DDA molar
percentage was kept below 50% in order to enable lecithin to
maintain the bilayer framework. This percentage was enough to
completely abolish spectral angular dependency (anisotropy),
so that the parallel and perpendicular EPR spectra appear
indistinguishable (Fig. 4, bottom), indicating complete bilayer
disordering. These observations were confirmed by similar
spectra obtained after inclusion of azelaic acid in the SPBs
(results not shown).
Similar results are reported in Fig. 5, in which growth of
hydroxy-groups after oxidative attack on the membrane is
simulated by addition of increasing amounts of 12-hydroxy-
stearic acid (12-(OH)-SA).
Fig. 6. EPR spectra of 5DSPC-spin labelled SPBs made of egg yolk lecithin
containing the indicated percentages of 2-azelaoyl-lecithin. Orientation of
sample normal: bold, ⊥ H; hairline, ‖ H.
Fig. 7. EPR spectra of 5DSPC-spin labelled SPBs made of egg yolk lecithin
containing the indicated percentages of 2-glutaroyl-lecithin. Orientation of
sample normal: bold, ⊥ H; hairline, ‖ H.
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lecithins containing carboxyl groups (namely 2-azelaoyl-
lecithin, 2-glutaroyl-lecithin, (Fig. 3) [3–5] usually found in
oxidation mixtures of PLPC and of SAPC respectively) were
also able to disorder the fatty acid packing. In fact, inclusion of
AzEPC in 5-DSPC spin labelled SPBs, leads to the EPR
spectra shown in Fig. 6. As can be seen, and in agreement with
the spectra in Fig. 4, increasing amounts of the carboxyl-
terminated fatty chain-containing phospholipid were able to
disturb and completely destroy the acyl residue order in egg yolk
lecithin supported planar bilayers. The disordering effect of the
carboxyl group in the hydrophobic core of the bilayer was
definitely confirmed by inclusion of 2-glutaroyl-lecithin in
SPBs, as evident from the spectra in Fig. 7.
Unexpectedly, the planar bilayers made of pure hydroper-
oxy-acyl species, 1-palmitoyl-2-(13-hydroperoxy-10,12-octa-
decanedienoyl)-lecithin (HPPLPC) and 1-stearoyl-2-(15-
hydroperoxy-5,8,11,13-eicosatetraenoyl)-lecithin (HPASPC)
showed either moderate or no disordering at all, respectively,
as evident from the spectra reported in Fig. 8 compared with
those of pure PLPC and pure SAPC SPBs in the same figure.
EPR spectra of SPBs made of mixed oxidized/non-oxidizedspecies in intermediate molar percentages were almost always
similar to the blanks and have not been included in this figure.
An overview of the present data is portrayed in Fig. 9 as the
trend of the R′′ parameter, formerly introduced as the disorder
parameter, for some of the presented EPR spectral series. For
comparison, the R′′-trend is reported as a function of the
oxidized fatty acid chain equivalent percentage, so that 100%
single chain-oxidized lecithin corresponds to 50% oxidized fatty
acid. From this plot, the similarity of the effect of a carboxyl-
terminated fatty chain, either bound or free, readily emerges (the
closely matching trends of R′′ calculated from free azelaic acid
and azelaoyl-PC EPR spectra are not reported). In contrast with
the carboxylic species, the ineffectiveness of the hydroperoxyl
moiety in disordering the bilayer is readily apparent.
4. Discussion
The importance of studies dedicated to unveiling the proper-
ties of oxidized phospholipids and their related impact on
bilayer structure and characteristics is better understood by
considering that key indicators of oxidative stress found in
many pathologies [25–27], such as malondialdehyde and
Fig. 9. Profile of EPR spectral anisotropy loss in egg yolk lecithin SPBs
containing variable amounts of various oxidized lipids, expressed as the R′′
value measuring the phospholipid bilayer disordering. ○, 12-(OH)-SA; ●,
HPPLPC; □, DDA;▪, GlEPC. R′′-values were calculated from the second
derivative of EPR spectra (not shown) as described in [8].
Fig. 8. EPR spectra of 5DSPC spin label in SPBs made of: pure SAPC or PLPC
(top), 100% 2-(13-HPETE)-lecithin (HPSAPC) (center), 100% 2-(9-HPODE)-
lecithin (HPPLPC) (bottom) as indicated. Orientation of sample normal: bold
line, ⊥ H; hairline, ‖ H.
149F.M. Megli, L. Russo / Biochimica et Biophysica Acta 1778 (2008) 143–152conjugated dienes, originate from phospholipid oxidation [13].
Even though the search for deleterious effects of the so-detected
ROS at the level of enzymes and nucleic acids is important for
understanding the role of oxidative stress in pathology, the same
importance should be given to the consideration that oxidized
phospholipid molecules (the remains of those delivering MDA
and conjugated dienes, signalling ROS attack) stay in the cell
membrane and accumulate. Moreover, lipid peroxidation is a
chain reaction leading to rapid propagation and spreading of
free radicals in the attacked tissue cells, causing even greater
accumulation of oxidized lipids under pathological conditions
[25,26]. By considering that the radical chain reaction propa-
gates through the bisallyl systems pathway, necessarily stopping
at the (mono-un) saturated phospholipid domain boundaries, it
can be argued that lipoperoxide accumulation might reach
unpredictably high local levels in PUFA-rich membrane micro-
domains. Owing to these molecules different chemical-physical
properties, the so-formed locally high concentration of lipid
oxides, might give rise to phase separation, as already demon-
strated in aqueous lipid suspensions [11]. Therefore, artificial
membranes containing varying percentages of oxidized phospho-
lipids better model oxidized membrane micro-domains than whole
membranes. From another point of view, given the existence of
lipid micro-domains in natural membranes, no closely matching
model can ever be built, even using natural phospholipid extracts.
In fact, once phospholipids have been extracted from natural
membranes, any information about their topology will be lost, and
the resulting model membrane will take up the average
composition of the original membrane, not necessarily similar to
any natural micro-domain. Hence, membrane models must belegitimately considered as realistic test-benches useful to help
understanding of which local membrane alterations can be elicited
by lipoperoxides, and not as strictly natural membrane models.
Oxidative damage to phospholipid acyl chains causes
rearrangement of double bonds, chain shortening, and the
introduction of a variety of polar groups such as hydroperoxyl,
hydroxyl, carbonyl and carboxyl moieties [13,28] in the
hydrophobic core of the bilayer. As a consequence, structural
characteristics and dynamics of lipid bilayers can be affected, as
already proposed [29–31], possibly visible as functional
impairment of integral enzymes. Malfunctioning of some ion
carrier proteins in the presence of lipid oxides has been
advanced as the molecular basis for some diseases [32]. Yet in
spite of the obvious relevance to the understanding of the
molecular basis of oxidative stress-related pathologies, the im-
pact of oxidized lipid species on the phospholipid bilayer has
received scarce attention. In this context, the recent application
of powerful analytical methods of lipidomics, such as mass
spectrometry (tandem ESI/MS) coupled to HPLC to identify
lipid oxide molecules in the affected membranes of pathological
tissues [33–37], underlines the importance of and need for
intensive research dealing with these molecules, at least from
the analytical point of view. In our opinion, it is equally im-
portant that these studies be complemented by the study of the
impact of the recognized oxidized species on the bilayer struc-
ture and properties. To this aim, in order to build model mem-
branes apt for these studies, the mass range should be up-scaled
from the analytical to the preparative scale.
Batch oxidation of phospholipids is easily performed by
several different methods [1–7], and we were able to demon-
strate membrane alteration by Fenton-oxidized lecithins [8]. In
our hands, a decrease in phospholipid acyl chain order was
detected by the loss of anisotropy in EPR spectra of spin
labelled oriented planar layers [8,22,23], and the presence of
lipoperoxides has been confirmed in the oxidation mixture [4].
Similar membrane defects were also demonstrated for phos-
pholipids from isolated rat liver mitochondria maintained in
respiration state IV in vitro [9], as well as for liver mitochondrial
phospholipids from rats treated with carbon tetrachloride [10].
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edge of the variety of oxidized phospholipid species from
tandem ESI/MS analyses, it seemed more appropriate for us to
update our previous results by considering the various oxidized
molecules separately, and to study in greater detail how each one
impinges upon the membrane, as we recently did in the study of
lipoxidized monolayers [13]. As a first attempt at the preparation
of single oxidized phospholipid molecules in useful amounts,
chromatographic fractionation of the previously used Fenton
oxidation mixture proved useless. In fact, the separation of well-
resolved peaks appearing in the chromatogram in Fig. 1 did not
correspond to separated molecular species, as shown by mass
spectrometry analysis (Fig. 2 and Table 1), indicating that even if
batch phospholipid oxidationmight represent an attractively rich
source of lipoperoxides, yet it can turn out to be of limited use for
preparative purposes. Better definition of the oxidized molecular
species formed during the Fenton reaction, as already given by
other authors [4], is not required at this stage of our study. In fact,
our use of ESI-MS is limited to the qualitative evaluation of
chromatographic separation of those species. To this end, our
data are sufficient to suggest discarding the oxidation/chroma-
tography preparative strategy, and do not require further
analysis, such as tandem MS, for our present purpose.
Before adopting chemical synthesis as the alternative route to
the desired amount of phospholipid oxides, the effects of the
presence of carboxylic and hydroxyl groups in the bilayer were
tested by using commercially available simpler molecules such
as 12-hydroxystearic acid, dodecanedioic acid and azelaic acid
(results not shown). The rationale for using modified fatty acids
to bring polar groups into the bilayer was the same as that for the
use of fatty acid spin labels to bring the nitroxide group therein.
This spin probe, specifically 5-DSA, was used as the spin label in
experiments with modified fatty acids for the sake of homo-
geneity. Top EPR spectra in Fig. 4 and in Fig. 5 show perfect
angular dependence, signalling ordered fatty acid packing.
Thereafter, by increasing amounts of modified fatty acids the
spin label readily reveals progressive and complete loss of
packing order.
Since its first observation, anisotropy loss in oriented planar
samples was attributed to fatty acid chain disordering [24] even
though, in general, it would also signal transition of the mem-
brane to an isotropic phase (un-aligned samples such as micelles
or vesicles). In fact, even if acyl chain disordering has been
clearly indicated in lipid monolayers containing oxidised phos-
pholipids [13], completely isotropic spectra from unaligned
planar samples (e.g., those in Fig. 4 at 50% DDA and Fig. 6, at
100% AzEPC) strongly resemble EPR spectra from 5-DSPC in
multi-lamellar vesicles (MLVs). Even if the preparation pro-
tocol of oriented samples rules out formation of these structures
in the presence of high percentages of oxidized phospholipids,
the possibility of phase separation and formation of an isotropic
phase in our planar samples cannot be excluded, due to the
strong chemical–physical differences between oxidised phos-
pholipids and normal ones. As a matter of fact, transition to
micelles had already been considered [8] and experimentally
observed in aqueous vesicle suspensions [11] containing more
than 40% by mole Fenton-oxidized PLPC. In this case, theobserved anisotropy loss could consequently represent the sig-
nal for membrane breakdown due to extreme oxidative stress.
The striking inefficacy of hydroperoxyl-lecithins in disor-
dering compared to the strong effect of carboxyacyl-lecithins
can be speculatively attributed to the presence of the long
hydrophobic tail remaining in the former. It can be argued that
the longer the hydrophobic residue following the oxidized polar
group, the stronger it anchors to the hydrophobic core of the
bilayer, so that chain disorienting could turn out to be the result
of competing forces between the oxidatively formed polar group
and the remaining (if any) hydrophobic fatty acid tail. The case
for 2-(ω-carboxyl) moiety might represent an example of com-
plete imbalance towards the most polar end, as indicated by its
dramatic effects reported in Figs. 6 and 7 (see also Fig. 9), while
complete inefficacy of HPSAPC could represent complete
imbalance towards the most non-polar end. Further support for
this idea might be found in the relatively stronger disordering by
shorter HPPLPC in comparison to HPSAPC, as apparent in
Fig. 8. Nonetheless, this argument does not apply to the
disorienting efficacy of 12-(OH)-SA, even if at this stage this
result must be taken as a mere suggestion that a more precise
comparison should be made with better suited 2-(12-hydro-
xystearoyl)-lecithin and 2-(13-hydroxy-10,12-octadecanedie-
noyl)-lecithin. The issue requires more chemical synthesis
work, currently underway in our laboratory, and is also being
investigated by use of a different spin probe, 3-doxyl-cholestane,
as the different orientation of the coordinate system of this probe
provides another perspective on planar samples [22].
5. Concluding remarks
The present results strongly support the idea that different
structural characteristics of oxidized phospholipids result in
differential influence on the phospholipid bilayer structure, and
represent a further step in the knowledge of how lipoperoxida-
tion impinges upon the membrane structure, with respect to our
previous studies and other authors' work. In fact, the use of
products of batch oxidation of phospholipids (or whole mem-
branes) cannot reveal how an evoked membrane structure/pro-
perty alteration is related to the presence of a particular oxidized
group. As we have shown, the carboxyl group seems to create
muchmore disturbance than the hydroperoxyl, while the latter in
turn exhibits differences from the hydroxyl group. More
differences seem to arise from the length of the remaining
hydrophobic tail, and maybe also from the bisallyl system. In
this context, the present data suggest more research into other
synthetic oxidized lecithin molecules bearing hydroxyl instead
of hydroperoxyl groups in both conjugated dienes and saturated
chain forms. Studies of the impact of lipoperoxides on other
membrane properties, such as the fluidity and polarity gradients,
phase transition temperature and lateral phase separation, are
also in progress.
Relating the outcome of these studies to the natural mem-
brane is a difficult task, as is modelling an oxidatively-stressed
living membrane. In fact, owing to the presence of membrane
lipid micro-domains and their peculiar composition-dependent
sensitivity to ROS/RNS attack, phospholipid oxides can
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ment to the next. Further variability in the type of lipid oxides is
expected from one membrane type to another, based on the
variety of anti-oxidative defence systems of living cells that can
steer the oxidation reaction chain to different products and stop
it at different levels. On the other hand, ESI-MS lipidomic
analysis reveals in great detail the existence of a large number of
lipid peroxide species both in models and in oxidatively stressed
natural membranes, also in pathological tissues [1–7]. The task
of recomposing an artificial membrane putting together the right
lipids, both normal and oxidized, in the right places and in the
right amount in order to model a pathologically oxidized natural
membrane does not seem a realistic proposition. As an alterna-
tive strategy, in our study simple model membranes have been
more conveniently used as test-benches, useful to characterize
the behaviour of an oxidized species in detail and from many
aspects. Given the availability of quantitative preparation proto-
cols, different amounts of oxidized species could be tested,
regardless of the natural percentage in order to focus on their
effects rather than on an unpredictable natural membrane
model. Even if this study is just at the beginning and this
approach requires novel chemical synthetic routes to the many
oxidized phospholipid molecules, the expected outcome is a
panel of features to be attached to each lipid oxide structure,
useful to predict the deleterious effects it may produce in a
membrane once it has been found therein.
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